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N the case of electromagnetic waves which are guided through a dielectric by imperfectly conducting leads, it is generally stated t that the flow of energy, as defined by the Poynting vector, is nearly parallel to the conductor, but converges slowly upon it, the lines of flow striking the surface of the wire at a small an.gle, and part of the energy being turned into heat in the w~rc. Since the magnetic force is in planes perpendicular to the wire the above statement implies that the lines of electric force leave the wire with a sligh~ forward tilt ; there is a large radial and a small longitudinal component.
iNow an examination of the periodic vectors as worked out in detail by J. J. Thomsou$, Sommerfeldw and Mie [I brings to light the fact that there is a certain difference of phase between the radial and longitudinal components of the electric force. Therefore these components do not change sign together, nnd for a part of each wave-length the lines of force will be tilted backwards. In this region the flow of energy instead of being, as elsewhere, onward and inward, must be either onward and outward or backward and inward. The direction of the magnetic force decides between these alternatives. A flux of energy outwards across an element of surface of the wire indicates that, at this section, the energy of the magnetic field in the wire is being drawn upon, not only for the energy dissipated, but also to increase the magnetic energy in the adjoining dielectric.
It seemed of interest to examine the state of affairs in this eddy of the energy-flow. In what follows I have worked out in some detail" the ease of two parallel similar wires, which in some respects is simpler than that of a single wire. I have used the first approximation to Mie's complete solution for this case, which, as [ have shown in former papers 82 can be very simply deduced from the single-wire solution, and can be readily applied to more complicated cases. Ann. d. _Phys. it. p. -o02 (19' 0). 82 Phil. Mag. [5J vol. 1. p. 605 (1900), and [6~ vol. i. p. 563 (1901) . Downloaded by [University of York] at 10:47 11 June 2016 results arrived at are as follows :--The state of affairs in the wire is governed, as is well known, by the magnitude of the quantity a , where a is the radius of the wire, t~, p its permeability and resistivity, and p--the frequency. When 2~r this is large we have the " skin-effect" well developed. Let us suppose for simplicity that p alone is altered. Then starting with the limiting case of very great conductivity and very thin skin, we find the region of eddy amounts to a quarter of each half wave-length, or say 45 ~ in the argument of the periodic vectors. Further, as we should expect from the smallness of the dissipation of energy, the flow is outward in the eddy and onward everywhere As the resistance of the wire is increased the extent of the eddy-region at first diminishes, reaches a minimum, and then increases again. In a case which I have worked out numerically the minimum is 18 ~ The anomalous flow is now partly outward and partly backward. As the resistance of the wire becomes very great the length of the eddy again approaches the limiting value of 45 ~ but the flow is now everywhere inward ; it is backward in the eddy, forward elsewhere.
In the course of the investigation I have obtained the equations to the lines of force and of Poynting flux in the plane of the wires, inside and out. In order to show the properties of the curves I have plotted them in an exaggerated form, i. e. using constants of a different order of magnitude froln those actually occurring in the physical cases.
w 2. Values of Electric and Magnetic Vectors.
Take first the case of a single wire in a dielectric of permittivity K and permeability uni W. Let Z, R be the longitudinal and radial components of electric force, H the magnetic force in circles round the wire. Then, measuring z along the direction of propagation and r outwards from the axis of the wire, the difli~rential equations to be satisfied are 
where Xo is the wave-length for the same frequency in free space, V the velocity of radiation,
+ ....
+
Then the equations are satisfied by the following scheme, omitting the periodic factor.
Insi~te.
Outside. Confining our attention to points in the plane of the wires we thus obtain for points between the wires the values
and for points not between the wires
The fnrther discussion of phase-differences and lines of force is a good deal simplified by the fact that the constant 21 which appears in "Z " for a single wire, goes out in the ,y present case.
An application of the surface conditions leads to the equation
.. w 3. The Relative Phases of the Components.
We shall now investigate tile phase-differences existing between the periodic magnitudes Z R tt in the dielectric at the surface of a wire. As the expression for Z is real, the argmnents of the complex quantities occurring in R and K will give their phase-differences in advance of Z. Let a and /~ represent these quantities for R H respectively, so that if at a given point of the wire we have ~-.
or the radial electric force inside is 90 ~ "behind that outside.
w 4. Di~'ections of the Lines of Fo~'ee and of Energj/-flow at the Surface of the Wires.
It is easy to see that when Z and R have opposite signs the lines of force are tilted backwards ; when H Z are Opposite the "energy-flow is outward ; and when I-I I~ are opposite the flow is backward.
Taking, then, a half wave-length Downloaded by [University of York] at 10:47 11 June 2016
(from 0 to ~r) between points at which the lengthwise electric force Z vanishes~ we find the flow of energy from 0 to (2--a) backward, in from (2--a)to Qr--/3) forward, in i" (14) from (Tr--/~) to ~r backward, out /
The extent of the eddy in the external energy-flow is given by a. Its course as shown by the curve is in accordance with the statement in w 1. For the limiting case of mere surfaceconduction (k~a large) a=/3=45 ~ the section (~r--a) to (~r--f3) shrinks to nothing, i. e. the energy-flow is everywhere in the direction of propagation of the waves. At the other extreme (k2a small) when a again approaches 45 ~ becomes zero, and the region of outward flow disappears. C and C / are arbitrary constants. For points not between the wires the corresponding equations differ from these in having (.b--2r) , (3b+2r), and (b+r) instead of the terms (b 4-2r), (3b--2r), and (b--r) .
In the actual case the constant A has a very large value, say order 104, in accordance with the fact that the linos of electric force are very nearly perpendicular to the wires *. In order to nmke visible the general form of the curves I have plotted fig. 2 with the following values :--a=45 ~ , a=l, b= 100, X=360, bX 1 1 2~'A" -~ --2" The diagram thus gives a distorted picture of the arrangement of the lines in the two opposite extreme cases referred to above. The broken lines represent the lines of force and the full lines those of Poynting flux. In the eddy region from 135 ~ to 180 ~ the arrows on the energy lines are taken in or out according as we are dealing with a case of ")~2a" snmll or large, as already explained.
To pass to the actual arrangement in experimental conditions one has to imagine the sag of the lines of force reduced and the region of re-entrant lines to shrink to a very small length at 135 ~ . So that except in the immediate neighbourhood of this point, where the radial force vanishes, the lines go practically straight across.
w 6. Forms of Lzternal Lines of Force and Flow.
To the degree of approximation adopted in this paper, these are the same as for the case of a single wire, the return current being carried by the dielectric (Sommerfeld's case). When there is axial symmetry in the field we can, as Hertz showed*, express the quantities Z and R in the forms so that the lines of force are given by r~ ----const.
Using this method Sommerfeld (loc. ch. p. 285) has given a diagram showing the course of the internal and external lines of force, with distortion, for the case of surface conduction (k2a large). He does not dmwattention to the backward tilted lines and, to judge from his figure, seems not to have plotted lines in this region.
As I wish to get the lines of energy-flow also, I shall proceed directly from the differential equation, taking separately the cases of (a) kea large, (b) k2a small.
(a) In this case the conduction is confined to a small thickness at the surface of the wire, so that we may use for J0(k2r) and Jl(l'2r) occurring in Z, R, the forms appropriate to large values of the argument~ In the last equation rn is written for 2~r
In fig. 3 these two families of curves are plotted for the simple ease m=h=l.
It will be seen that all the curves of either family can be got by moving one of them in a direction making an angle of 45 ~ with the negative direction of z.
The angles marked on the diagram give the phase-angles of the lengthwise electric force. The magnetic force being 45 ~ in advance of the lengthwise electric vanishes at all points of the straight line of electric force which meets the surface at 135 ~ . The flow of energy is therefore oppositely when we remember that h is by hypothesis very large. Accordingly we have to imagine the straight lines of force in the diagram twisted round so as to meet the boundary at a very small angle instead of at 45 ~ (b) Case of k2a ver~/ small, the current diffused through tile whole wire. Here we may put unity tbr J0(k~r) and kzr for Jl(k2r).
Further, as we have seen in w 3~ the argument of m approaches 45 ~ , so we may write m= ~(1+i).
So we have C ;)
R=e-Y-. ~-.r.sin --It is remarkable that h disappears from the expressions, or in other words~ as we approach this limit the properties of the wire cease to have an effect on the distribution of the field inside. 
beginning, in this In this case the magnetic force vanishes along with the longitudinal electric.
The energy-flow is backward and inward from 0 ~ to 45 ~ , and forward and inward for the remainder of the half wave-length. The exaggeration of' the diagram in this ease consists irr-making the radius of the wire nmch too great in comparison with the wave-length, in order to get room to show the trend of the curves. 
